We present the first semiconductor disk laser simultaneously emitting two gigahertz modelocked pulse trains. This simply allows to establish a link from the optical domain to a microwave frequency comb. The relative carrier-envelope-offset frequency can be accessed directly.
Introduction
Numerous frequency comb applications such as dual-comb spectroscopy [1] or asynchronous optical sampling (ASOPS) [2] greatly benefit from a simple, cost-efficient and compact way of generating two modelocked pulse trains. Here we present for the first time a semiconductor disk laser (SDL) simultaneously emitting two gigahertz modelocked pulse trains. A modelocked integrated external-cavity surface emitting laser (MIXSEL) [3] is used, which integrates the saturable absorber of a semiconductor saturable absorber mirror (SESAM) [4] into the gain structure of a vertical external-cavity surface emitting laser (VECSEL) [5] . This allows for fundamental modelocking in a simple straight cavity. A birefringent crystal placed between the MIXSEL chip and the output coupler (OC) separates the modelocked cavity beam into two spatially separated beams with perpendicular polarization on the MIXSEL chip. We show the potential for spectroscopy applications by measuring the microwave frequency comb-lines, resulting from beats between the two optical frequency combs. The stabilization of both pulse repetition frequencies is presented. By inserting a second birefringent crystal inside the cavity, such that the repetition frequencies of the two pulse trains are exactly the same, the relative carrier-envelope-offset (CEO) frequency between the two pulse trains can be directly accessed, without using an f-to-2f interferometer [6] .
Measurements and results
The MIXSEL structure used for this experiment is described in detail elsewhere [7] . A birefringent calcite crystal and a fused silica etalon are inserted into a straight cavity formed by the MIXSEL chip and the OC (Fig. 1a) . The two cavity spots on the MIXSEL chip are pumped with a multimode laser diode. The laser output consists of two collinear, fully overlapping cross-polarized fundamentally modelocked pulse trains with slightly different pulse 
978-1-55752-968-8/15/$31.00 ©2015 Optical Society of America SW3G.5.pdf repetition frequencies of 1.895 GHz and 1.890 GHz. The pulse durations of the s-and p-polarized beam are 13.5 ps and 19.1 ps at an average output power of 78 mW and 70 mW, respectively. The center wavelength of both beams is ≈ 966 nm. The polarization of the s-polarized beam is turned by 90° outside of the cavity and afterwards both beams are superimposed on a photo-detector (PD). With a microwave spectrum analyzer (MSA) we measure the downconverted microwave spectrum, shown between DC and the pulse repetition frequencies (Fig. 1b) . A zoom into the first comb (Fig. 1c) shows the microwave frequency comb which results from beats of the optical frequencies of the two beams. The difference in pulse repetition frequency Δf rep is 5 MHz (Fig. 1d) , which sets the spacing of the comb-lines (Fig. 1c) . A simulation of the microwave spectrum from the two modelocked pulse trains (Fig. 1e-g ) perfectly explains the measurement.
Both pulse repetition frequencies can be stabilized resulting in a phase noise reduction of up to 100 dB/Hz (Fig. 2a) . More details on the feedback mechanisms and the stabilization will be presented. In a second experiment we add a second birefringent calcite crystal to the cavity, but with the optical axes rotated by 90°. This results in two modelocked pulse trains with the same repetition frequency. In that case the beat between all the optical frequencies of the two beams leads to one strong microwave frequency, which represents the difference of the two CEO frequencies of the lasers. With this setup we have the unique possibility to access and study the relative CEO of a picosecond laser. In particular it allows for the first time a more detailed investigation of the CEO dynamics of modelocked SDLs. 
Conclusion and outlook
We presented the first SDL that simultaneous emits two modelocked gigahertz pulse trains. The microwave frequency combs, which result from beats of the optical frequencies of the two beams, were measured and both pulse repetition frequencies were stabilized. With a second birefringent crystal in the same setup, the relative CEO frequency of the two lasers was detected directly. We will further investigate the behavior and the noise properties of this relative CEO frequency and study the interaction and correlation effects of the two modelocked pulse trains from a single MIXSEL structure. This could lead to a new simple detection and stabilization scheme for the CEO frequency. With new gain chips supporting a broader spectrum and shorter pulses, this will potentially result in a compact and inexpensive laser source for spectroscopy or pump-probe applications in the near future. 
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